I N T RO D UC T I O N
In this study we investigate the 40 Ar/ 39 Ar age and comprehensive geochemistry (major, trace element and Sr^Nd^Pb^Hf isotopes) of igneous rocks drilled during Deep Sea Drilling Project (DSDP) Legs 67 and 84 into the forearc basement of Guatemala's Chortis Block. The results provide important constraints on the nature, composition and long-term evolution of the forearc. In the light of accumulating evidence that the Central American margin is an erosional rather than an accretional margin (e.g. Meschede et al., 1999; Vannucchi et al., 2004) , studies of the eroding forearc can provide crucial information on the composition of the subduction input, which can directly affect the composition of the mantle wedge and arc magmatism. In addition, the age and composition of the forearc rocks help to constrain the geodynamic evolution of the active margin and also reveal information about previously existing (now subducted) ocean crust and in particular intraplate volcanism on that crust and/or extinct arc volcanism that has accreted to the margin.
Another important question that this study addresses is if the composition of recovered geochemically enriched ocean island basalt (OIB)-like forearc rocks can be linked to the nearby Gala¤ pagos hotspot or the Caribbean Large Igneous Province (CLIP). This province consists of the Caribbean oceanic plateau and associated igneous ('ophiolitic') complexes at the edges of the Caribbean plate, mainly along the Pacific coast of Central America and western Colombia (Fig. 1a) . Based on 40 Ar/ 39 Ar age determinations, similar Sr, Nd, Pb, and Hf isotope ratios, and plate tectonic reconstructions, the CLIP was interpreted to have formed from the Gala¤ pagos starting plume head at c. 83^95 Ma (e.g. Duncan & Hargraves, 1984; Kerr et al., 1996; Hauff et al., 1997 Hauff et al., , 2000a Hauff et al., , 2000b Sinton et al., 1997; 1998; Thompson et al., 2003; Hoernle & Hauff, 2007) followed by accretion of portions of the Gala¤ pagos paleo-hotspot track to its margins (Hoernle et al., 2002; Geldmacher et al., 2003) . Based on seismic reflection studies, Mauffret & Leroy (1997) argued that the CLIP may be formed from up to three distinct volcanic plateaux (with ages ranging from 76 to 113 Ma). Recently, samples up to 140 Myr old with CLIP-like isotope compositions have been reported from the Nicoya Peninsula, placing the classical short-term plume head model further into question and suggesting instead that the CLIP represents rather an amalgamation of several smaller oceanic plateaux and other intraplate structures formed over long periods of time, probably through multiple pulses of the Gala¤ pagos hotspot (Hoernle et al., 2004; Hoernle & Hauff, 2007) . Identification of similar or even older accreted material in the Guatemalan forearc basement that can be associated with the Gala¤ pagos hotspot would therefore have great importance for reconstructing the early history of the Gala¤ pagos hotspot (e.g. if it moved southward, similar to the model suggested for the Hawaiian hotspot in its earlier history). Alternative models have been proposed suggesting that the CLIP formed between the Americas in an intra-Caribbean setting without any connection to the Gala¤ pagos hotspot (e.g. Frisch et al., 1992; Meschede, 1998; Meschede & Frisch, 1998; Pindell et al., 2006) . The discovery of CLIP fragments accreted to the Pacific side of the Chortis Block would provide a powerful argument against these models.
R E G I O NA L G E O L O GY A N D P R E V I O U S DATA Geological overview
The Caribbean plate is composed of several genetically different terranes assembled as a result of various collisions of volcanic arcs, continental blocks and the Caribbean oceanic plateau. The western edge of the Caribbean plate is formed by the Chorotega and Chortis blocks (Fig. 1a) . The Chorotega Block represents a subaerially exposed part of the thickened oceanic Caribbean plateau and is largely covered by Cenozoic arc lavas. Its northern boundary to the mainly continental Chortis Block is not well constrained, but is believed to run south of the Nicoya Peninsula in Costa Rica to the Hess Escarpment (e.g. Meschede & Frisch, 1998; Hoernle et al., 2004; Hoernle & Hauff, 2007) . The northern border of the Chortis Block, the Motagua^Polo¤ chic transform fault, separates the Caribbean from the North American plate (Maya Block) . This fault marks an $110 Myr old convergence zone at which a proto-Caribbean ocean was southwestwardly subducted under the Chortis Block until its collision with the Maya Block (at present the Yucatan Peninsula) at $75 Ma. This suture zone, which hosts several small accreted Cretaceous ophiolites composed of oceanic crust, sub-arc mantle and arc volcanic rocks, was reactivated in the Late Cretaceous as a sinistral strike-slip fault (e.g. Donnelly et al., 1990; Beccaluva et al., 1995) . Thereafter, the Chortis Block has traveled 41000 km eastward along this fault from its original position in SW Mexico to its present location (e.g. Pindell & Barrett, 1990; Elming & Rasmussen, 1997) , resulting in the opening of the Cayman Trough (Fig. 1a) . Recent studies indicate that the southeastern part of the Chortis Block is composed of deformed rocks of oceanic crust and island arc affinity (Siuna Terrane; Rogers et al., 2007) that were accreted to the southern margin of the Chortis Block in the late Cretaceous (Venable, 1994) .
Many subaerially exposed CLIP complexes are located along the Pacific coast of South and Central America, extending from Colombia to the Nicoya Peninsula in northern Costa Rica (Fig. 1a) . Northward, outboard the Chortis Block, the continental shelf noticeably broadens and forms a wide, submarine forearc basin until the shelf becomes narrow again off the coast of southern Mexico. Early seismic studies implied a dense basement of high acoustic velocity below the forearc basin sediments, suggesting igneous oceanic crust or an ophiolitic complex similar to the igneous CLIP terranes that are subaerially exposed further south (Ibrahim et al., 1979) .
During DSDP Leg 67 and Leg 84 the trench and the broad continental shelf were drilled in front of Guatemala to evaluate the style of convergence (accretionary or erosive margin) and the nature of the dense forearc basement. Basement was reached at one site during Leg 67 (Site 494) and at four sites during Leg 84 (Sites 567, 566, 569, 570) with Site 567 at almost the same location as Site 494 (110 m apart) but with increased basement penetration (e.g. Aubouin & von Huene, 1985) . Recovered basement rocks consist of ultramafic and mafic igneous rocks including basalts, dolerites, gabbros (Sites 494, 567), amphibolites (569), and serpentinized peridotites and harzburgites (566, 567, 570) . All drill sites lie along a narrow transect perpendicular to the slope (Fig. 1b) . Recent geophysical data from the lower Nicaraguan margin wedge suggest the presence of a similar dense basement reaching from the front of the margin, some 80 km to the middle of the shelf (Walther et al., 2000) . The measured seismic velocities (3Á5^6Á0 km/s) and calculated densities (2Á6^2Á9 g/cm 3 ) are too high to reflect accreted sediments or upper Aubouin et al. (1979) and Aubouin & von Huene (1985) . Site 570 is located off the profile to the NW.
continental crust, and imply that the entire shelf area between Costa Rica and southern Mexico is underlain by igneous basement that might be similar to the subaerially exposed igneous complex at Santa Elena and Nicoya (Ye et al., 1996; Walther et al., 2000) . Attributing this entire $1000 km long basement to the CLIP would not only greatly expand the province but also raise questions about the age of the igneous basement rocks and their possible affinity to the Gala¤ pagos mantle plume (both having important implications for the origin of the CLIP and large igneous provinces in general). Major element and a few trace element analyses of the moderately to heavily altered drilled basement samples and four 40 K/ 39 Ar age determinations, conducted by the Leg 67 and 84 scientific parties, however, are not sufficient to answer these questions. Among the few samples that have been analyzed for major and trace element concentrations, two different lithologies have been described: (1) quartz-normative rocks with low TiO 2 and depleted light rare earth element (LREE) signatures characteristic of tholeiites or calc-alkaline arc volcanic rocks; (2) nepheline-normative rocks with high TiO 2 and LREE, Ba, and Sr enrichment characteristic of alkali basalts (Maury et al., 1982; Bellon et al., 1985; Bourgois et al., 1985) (Fig. 2) . Rocks of both lithologies have been recovered from a single hole (Hole 567A) from which four samples were dated with the 40 K/ 39 Ar method. Whereas one basalt with depleted tholeiitic affinity gave a K/Ar age of 78Á7 AE3Á9 Ma, three dolerites with alkaline affinities, from deeper sections of the hole, yielded a wide range of ages (91 AE4Á5 Ma, 132 AE 6Á6 Ma and 169 AE 8Á4 Ma) that was interpreted to reflect the effects of alteration (Bellon et al., 1985) . As the sample with the oldest age shows the least secondary alteration and lowest loss on ignition (LOI), it was believed that the $169 Ma age is nearest to the true crystallization age. Because of the surprising discovery of Jurassic alkaline rocks, comparisons of the drilled forearc basement have been made with the nearby, subaerially exposed Santa Elena igneous terrane (e.g. Aubouin & von Huene, 1985; Bellon et al., 1985) which is characterized by the occurrence of harzburgites, depleted arc-related tholeiites and enriched Jurassic alkaline rocks (e.g. Hauff et al., 2000a) .
The Santa Elena complex and the western Chorotega^Chortis Block boundary
Three igneous complexes can be found at the assumed Chorotega^Chortis Block boundary in NW Costa Rica: Nicoya, Tortugal and Santa Elena, with Nicoya being the largest and best studied of them (e.g. Dengo, 1962; Kuijpers, 1980; Hauff et al., 1997; Sinton et al., 1997) . The complex is mainly composed of olivine tholeiitic lavas, minor intrusive rocks (dikes, gabbros) and subordinate hyaloclastic rocks and pillow breccias; it ranges from $70 to $140 Ma in age (e.g. Hauff et al., 1997; Hoernle et al., 2004) .
At Santa Elena, a southwestward verging, predominantly ultramafic nappe overthrusts a basalt^radiolarite assemblage (e.g. Aze¤ ma et al., 1985a; Hauff et al., 2000a; Denyer et al., 2006) (Fig. 2a) . The nappe, consisting of peridotitic rocks and gabbroic intrusions, both cut by doleritic dikes, was emplaced after the Cenomanian (the age of the youngest underlying sediments, DeWever et al., 1985) but before the late Campanian (age of rudist reefs growing on the top of the exhumed nappe; SchmidtEffing, 1980), corresponding to an age range between 75 and 93 Ma. This age range is supported by a radiometric K/Ar age of 88 AE 4Á5 Ma from a secondary amphibole sampled from a recrystallized doleritic dike (Bellon & Touron, 1978) and most probably dates amphibolite metamorphism along shear zones related to the nappe emplacement.
The subdivision of the underlying basalt^radiolarite assemblage and its genetic relationship to the ultramafic and mafic nappe is controversial. Based on trace element and isotope data, Hauff et al. (2000a) have defined four lithological units at Santa Elena. The first unit (also named the 'Santa Rosa Accretionary Complex'; Denyer et al., 2006) comprises alkaline pillow lavas and dikes discordantly associated with radiolarian cherts, which range in age biostratigraphically from Cenomanian to late Pliensbachian ($93^190 Ma). The alkaline rocks have enriched incompatible trace element and isotope compositions similar to intraplate OIB but differ from other CLIP rocks by their distinctly lower Nd isotope ratios (Hauff et al., 2000a) . The second structural unit is made up of columnar and pillow basalts, for which a 40 Ar/ 39 Ar total fusion age of 109 AE1Ma was obtained. An intrusive complex of layered gabbros forms the third unit, from which plagioclase separates yielded a total fusion 40 Ar/ 39 Ar age of 124 AE 2 Ma (Hauff et al., 2000a) . The fourth unit, according to this subdivision, comprises the ultramafic nappe. In contrast to the alkaline Unit I, basalts, gabbros and dikes from Units II, III, and IV range from tholeiitic basalts to basaltic andesites and trachy-andesites, and show depleted trace element and isotopic signatures consistent with their generation from arc volcanoes or from depleted mantle sources in a subduction zone environment (e.g. Hauff et al. 2000a; Hoernle & Hauff, 2007) .
The much smaller igneous complex of Tortugal, located about 100 km SE of Santa Elena, consists of a picritic basal complex, overlain by alkali basaltic and tholeiitic flows. As no clear contacts between these different units are exposed, the stratigraphy and structural relationships are unclear (Alvarado et al., 1997) . Plagiclase crystals from the basal picrites, which appear to be subvolcanic cumulates of the alkali basaltic dike magmas (Hauff et al., 2000a) Hauff et al., 2000a; . (b) Compilation of radiometric age determinations of recovered forearc basement samples. Squares, 40 Ar/ 39 Ar dating of this study (Table 3) ; circles, K^Ar data (Bellon et al., 1985) . Open and filled symbols indicate enriched and depleted group samples, respectively. White bar at Santa Elena indicates age range of radiolarian fossils associated with the enriched Unit I rocks. Right side of diagram displays mayor tectonic events (see discussion).
yielded an 40 Ar/ 39 Ar plateau age of 89Á7 AE1Á7 Ma (Alvarado et al., 1997) . The moderately depleted geochemical characteristics of the tholeiitic lava sequence indicate derivation from the same source as the other CLIP tholeiites, such as those from Nicoya and Herradura. Incompatible trace element patterns and isotope data for the alkaline Tortugal rocks, however, are similar to those of the alkaline rocks from Santa Elena, except for their less enriched (slightly more radiogenic) Nd isotope ratios (Hauff et al., 2000a) . The enriched isotopic compositions of the Tortugal and Santa Elena alkaline rocks are unique in Central America and extremely rare within the CLIP. Similar enriched compositions have been reported from only one Caribbean DSDP drill site (Site 151, Sinton et al., 1998) , from a single location in the Central Cordillera of Colombia (El Encenillo, Kerr et al., 2002) and at Gorgona Island (Kerr, 2005) . This would argue for the existence of a rare, geochemically enriched component in the early CLIP. On the other hand, Gorgona and some terranes in Colombia and Ecuador might have been formed by a different hotspot unrelated to the CLIP (Kerr et al., 2002; Kerr & Tarney, 2005) .
The subduction-related upper units of Santa Elena were interpreted to be associated with an old subduction system or island arc in front of the Chortis Block (Hauff et al., 2000a; , consistent with nearby Albian pyroclastic deposits (Calvo, 2003 , and references therein; . This implies that the boundary between the Chortis Block (southernmost part of the Mesozoic Chortis subduction zone) and the Chorotega Block (CLIP) runs south of Santa Elena; this is also supported by a distinct change in the magnetic field across the shelf between the Santa Elena and Nicoya peninsulas (Berhorst, 2006) . The geochemically enriched alkaline basalts of Tortugal (similar to Santa Elena Unit I) and possibly the older parts of Nicoya (4 100 Myr old rocks?) can also be interpreted to have accreted to the southern end of the Chortis subduction system (Hoernle et al., 2004; Hoernle & Hauff, 2007) .
In summary, the common occurrence of two geochemically distinct rock types (depleted, subduction-related and enriched OIB-type volcanic rocks) reported from the Guatemalan forearc basement drill cores and also subaerially exposed along the southern boundary of the Chortis Block (Santa Elena, Tortugal) suggests that the entire forearc of the Central American subduction zone records a similar history from southern Mexico to northern Costa Rica.
We have re-sampled the DSDP Leg 67 and 84 drill cores from the Guatemalan forearc basement and present a comprehensive state-of-the-art geochemical dataset (new major and trace element, Sr, Nd, Pb, Hf isotope data), as well as 40 Ar/ 39 Ar laser step heating age determinations of the recovered rocks, to determine the structural origin of the igneous forearc basement, its geodynamic evolution and possible relationship to the CLIP and Central American geology.
S A M P L I N G A N D P E T RO G R A P H Y
Cores from all DSDP sites that reached the igneous forearc basement have been re-sampled for this study. Rocks selected for geochemical investigation and age determinations are from Hole 494A (Leg 67) and Holes 566C, 569A, 567A (Leg 84). Two mid-ocean ridge basalt (MORB) samples of the incoming Cocos plate from Holes 499B and 500B (Leg 67) have also been analyzed for comparison (Fig. 1b) . Additionally, Hf isotope ratios from subaerially exposed Santa Elena rocks have been determined on the same rock powders for which major and trace element and Sr, Nd, Pb isotope data have been reported previously (Hauff et al., 2000a) . We also report new trace element and Sr, Nd, Pb, Hf data for two additional samples from the alkaline Santa Elena sequence (Unit I or Santa Rosa Accretionary Complex) for which only major element data for the same rock powder had been reported previously (Hauff et al., 2000a) .
All the different lithological units recovered during Legs 67 and 84 have been described petrologically in great detail in the DSDP Initial Reports (e.g. Maury et al., 1982; Bellon et al., 1985; Bourgois et al., 1985; Shipboard Scientific Party, 1985) ; these are available online (http://www.deep seadrilling.org/i_reports.htm) and therefore the results will be summarized only briefly below. Detailed petrographic descriptions of the harzburgite and amphibolite samples used in this study have also been given by Ga« rtner (2005) .
Ultramafic rocks at Site 566
Whereas serpentinized peridotites have been recovered at Site 494 and 567 in sequences intercalated with mafic rocks, the entire recovered basement at Sites 566 and 570 consists of ultramafic rocks that commonly display internal shearing. All the peridotites are highly serpentinized but have been petrologically and geochemically identified as harzburgites Ga« rtner, 2005) comprising olivine, orthopyroxene with clinopyroxene exsolution and spinel. Two groups can be distinguished petrographically: harzburgites having panxenomorphic textures (Sites 567 and 566) and cumulative peridotites (Site 570). The latter (cumulative harzburgites) are similar to the harzburgitic cumulates at Santa Elena.
Amphibolites at Site 569
Hole 569A encountered high-temperature metamorphic amphibolites that have been overprinted by a retrograde low-temperature greenschist-facies assemblage. Tschermakitic hornblende ($50 vol. %) and an albite-rich plagioclase ($40 vol. %) make up the major constituents (Ga« rtner, 2005) . Both minerals form small hypidiomorphic to xenomorphic crystals in a granoblastic texture. The whole-rock major element compositions of the amphibolites indicate a basaltic origin .
Mafic rocks at Sites 567 and 494
The basement recovered at Site 567 (Leg 85) and nearby Site 494 (Leg 67) (Fig. 2a) is composed of an unordered sequence of gabbro, dolerite, basalt and serpentinite in variable states of alteration and metamorphism. Compared with the other sites, the basement is more tectonically deformed and fragmented at theses two sites, resulting in a poor recovery of less than 20%. No consecutive cores were recovered and the mafic rocks are mostly pebble-size, angular drill cuttings, with no recovered contacts between lithological types (Shipboard Scientific Party, 1985) . No apparent sequences (e.g. variations of grain size from basalt to gabbro) have been identified. Most of the samples have undergone various grades of zeolite-to greenschist-facies metamophism and/or are often fractured, brecciated or strongly weathered. The dominant minerals in the sampled mafic rocks are plagioclase, clinopyroxene and olivine (Bellon et al., 1985; Bourgois et al., 1985) . Olivine and clinopyroxenes are often strongly altered to serpentine or iddingsite and actinolite or chlorite, respectively.
Although the dissected state of the recovered rocks precludes the identification of any larger volcanic structures (such as individual lava flows), quenched textures and progressive transitions from microlitic to fine-grained doleritic textures observed in thin sections from basaltic samples from the lower part of Hole 567A [below 430 m below sea floor (mbsf)] have been interpreted as pillow fragments (Bellon et al., 1985) . A submarine formation for the lower sequence of this hole is further supported by the abundant palagonitic groundmass (altered glass) seen in many basaltic samples. In contrast, cores 17, 18, and 24, all from the upper part of the hole above 430 mbsf, host rare clay beds containing volcanic glass, xenoliths and apatite, and are interpreted as strongly altered tuffaceous material (Shipboard Scientific Party, 1985) .
A NA LY T I C A L M E T H O D S
Samples were wrapped in plastic foil and carefully manually crushed, washed with deionized water in an ultrasonic bath and hand-picked under a binocular microscope to avoid the most altered parts, veins and secondary fillings. Selected rock-chips were then split and one fraction was manually powdered in an agate mortar for major and trace element analyses; the other split of chips was dissolved for isotope chemistry.
Major and some trace element determinations were performed on fused glass beads by X-ray fluorescence spectroscopy (XRF) at IFM-GEOMAR using a Philips X'Unique PW 1480 with Rh-tube. H 2 O and CO 2 concentrations were analyzed in a Rosemount CSA 5003 infrared photometer. Average accuracy (n ¼ 7) of international reference standards JB-2, JB-3 and JA-2 measured with the samples is better than 1% (SiO 2 ), 3% (TiO 2 , Al 2 O 3 , MgO, Na 2 O, K 2 O), 5% (Fe 2 O 3 , CaO, P 2 O 5 , Sr, V), 8% (MnO), 20% (Co, Zr) and 32% (Cr, Ni).
Trace elements (Sc, Cu, Ga, Zn, Rb, Y, Cs, Nb, Ba, Hf, Ta, Tl, Pb, Th, U and all REE) were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) using a ThermoFinnigan Element2 at the Institute of Geosciences, University of Bremen. Mixed acid (HF^aqua regia) pressure digests were prepared at 2108C using a MLS Ethos microwave. About 50 mg of the sample was processed, and the analyte solution (having a final dilution factor of 5000) was spiked with 2Á5 ng/ml indium as internal standard. Precision (n ¼ 8) of multiple digests of international reference standard BCR2 analysed along with the samples is better than 5% for most elements; accuracy is better than 5% except for Hf (6%), Y (7%), Zn (9%), Cs and Pb (10%), and Cu (11%). Results of major and trace element analyses of samples and standards are given in Table 1 .
All isotope analyses were carried out at IFM-GEOMAR on rock chips by thermal ionization mass spectrometry (TIMS) using Thermo Finnigan TRITON (Sr, Nd isotopes) and Finnigan MAT262 (Pb, Sr isotopes) systems and an AXIOM multiple collector (MC)-ICP-MS system (Hf isotopes), all operating in static mode. Samples for Sr, Nd, and Pb isotope determinations were leached with 6 N HCl for 1h at 1258C and dissolved in a hot HF^HNO 3 mixture. Sr, Nd, and Pb chromatography followed the procedure outlined by Hoernle & Tilton (1991 Todt et al. (1996) . Total Pb chemistry blanks in the analysis period averaged 68 AE 20 pg (n ¼ 26) and are thus insignificant.
Hf isotopes were determined on a subset of samples. Rock chips (200^500 mg) were digested for 60 h at 1308C in a HF^HNO 3 mixture; chemical separation followed 
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Total 100Á3 9 9 Á2 9 9 Á4 100Á0 9 9 Á3 1 0 1 Á2 1 0 1 Á3 0Á282171 AE12, n ¼ 34). All isotope ratios are presented in Table 2 . 40 Ar/ 39 Ar incremental heating experiments were conducted on amphibole and feldspar phenocryst separates and on matrix chips at the IFM-GEOMAR Tephrochronology Laboratory. The particles were hand-picked from crushed and sieved splits. All separates and chips were cleaned using an ultrasonic disintegrator. Phenocrysts were then etched in 15% hydrofluoric acid for 10 min (amphibole) and 15 min (feldspar). Samples were neutron irradiated at the 5 MW reactor of the GKSS Reactor Center (Geesthacht, Federal Republic of Germany), 
Trace elements determined by XRF; all other trace elements by ICP-MS. n.d., not detected. 1s standard deviations for international rock standards JB-2, BCR-2 and BIR are based on n ¼ 7, n ¼ 8 and n ¼ 3, respectively. with crystals and matrix chips in aluminum trays and irradiation cans wrapped in 0Á7 mm cadmium foil. Samples were step-heated by laser. Purified gas samples were analyzed using a MAP 216 noble gas mass spectrometer. Raw mass spectrometer peaks were corrected for mass discrimination, background and blank values determined every fifth analysis. The neutron flux was monitored using TCR sanidine (Taylor Creek Rhyolite ¼ 27Á92 Ma; Dalrymple & Duffield, 1988; Duffield & Dalrymple, 1990 ) and internal standard SAN6165 (0Á470 Ma; van den Bogaard, 1995) . Vertical variations in J values were quantified by a cosine function fit. Lateral variations in J were not detected. Corrections for interfering neutron reactions on Ca and K are based on analyses of optical grade CaF 2 and high-purity K 2 SO 4 salt crystals that were irradiated together with the samples. Ages derived from step-heating analyses are based on plateau portions of the age spectra (Table 3) . Plateau regions generally comprise 450% of the 39 Ar released and more than three consecutive heating steps that yield the same ages (within 2s error).
As revealed from petrographic examination, most of the recovered rocks have undergone seawater alteration and experienced varying degrees of greenschist-facies metamorphism. Therefore the concentrations of major and trace elements known to be mobile during alteration and (open-system) metamorphism (such as K, Na, Ca, Mg, Si, Rb, Ba and Sr) will not be considered in subsequent data interpretation. Instead, only elements that are relatively immobile, including Hf, Th, Nb, Ta, Y, V, Zr, Ti and all REE are used. U and Pb receive special consideration. Although U can be mobile in aqueous solutions (in an oxidized environment) and Pb is mobilized under hydrothermal conditions, the necessity for age correction of Pb isotope data prevented their exclusion (see below for potential impacts on the Pb isotope system).
In rock classification diagrams, using only minor and trace elements that are generally considered to remain inert during a number of secondary processes, including metamorphism and submarine alteration, the Guatemalan igneous forearc basement samples fall into two groups (Fig. 3) . The first group, comprising all the recovered basement rocks from Holes 494A, 569A (amphibolites), and the upper part of the penetrated basement at Hole 567A (above 430 mbsf), has lower concentrations of highly to moderately incompatible elements and LREE (such as Th, La, Ce and Nd), lower Ti, and a marked depletion in high field strength elements (HFSE), in particular Nb and Ta. This group either plots in or largely overlaps with the field for volcanic arc basalts in tectonomagmatic discrimination diagrams. In particular, Th is useful for distinguishing between arc basalts and depleted MORB when dealing with altered samples (Fig. 3c) , as it is the least fluid-mobile large ion lithophile element (and is immobile during greenschist-facies metamorphism) but also behaves as a non-conservative element during subduction processes (becomes enriched in arc magmas) (Elliott, 2003; Kessel et al., 2005) . The second group, defined by all igneous rocks sampled from the lower part of Hole 567A (below 430 mbsf until its termination at 501 mbsf), shows enriched incompatible elements, no HFSE depletion and consistently plots in the intraplate basalt field in all discrimination diagrams. Multi-element patterns of depleted group samples ( Fig. 4a and b) with (La/Yb) n ¼ 0Á12^0Á76, (La/Sm) n ¼ 0Á19^0Á81 and (Sm/Lu) n ¼ 0Á41^1Á06 are noticeably distinct from the enriched patterns of the lower Hole 567A samples ( Fig. 4c and d) showing (La/Yb) n ¼ 3Á15^4Á46, (La/Sm) n ¼1Á63^2Á31 and Ar released in plateau). fs, feldspar; m, matrix; hbl, amphibole (hornblende).
(Sm/Lu) n ¼1Á46^2Á48. The most distinct feature of the depleted group is their marked depletion in Nb and Ta [(Nb/La) n ¼ 0Á07^0Á83] characteristic of arc volcanic rocks generated in a subduction zone environment. In contrast, the enriched samples from the lower part of Hole 567A display enriched Nb and Ta concentrations [(Nb/La)n ¼1Á15^1Á84] and a uniform depletion of heavy REE (HREE), both consistent with intraplate or OIB compositions. Interestingly, the subaerially exposed igneous units from the Santa Elena Peninsula can be divided into the same two geochemical groups with nearly identical trace element compositions to the drill samples (Figs 3 and 4e, f). Depleted Santa Elena samples SE 6 (Unit II) and SE 27 (Unit IV), however, display less steep incompatible trace element patterns and possess relatively high (Nb/Th) n ratios (1Á0^1Á4), placing them somewhere intermediate between arc and MORB compositions (Hauff et al., 2000a) . A few depleted forearc drill samples display similar trace element patterns (e.g. sample 84-567A-20-1, 115^117 cm), including (Nb/Th) n ratios 41 (Fig. 4a) .
Age determinations Depleted group samples
As a result of the generally higher degree of alteration and the lower potassium content of the depleted forearc basement rocks, selecting suitable samples for age determination and generating reliable data is difficult. Only four 40 Ar/ 39 Ar analyses from depleted group samples meet the quality criteria outlined above (Table 3 ). The data, however, include at least one sample from each drill site from which depleted rocks have been recovered (Fig. 5) . Feldspar phenocrysts from Hole 494A (67-494A-29CC) yield a broad age plateau (comprising 81% of 39 Ar) at 112Á1 AE9Á0 Ma. Matrix analyses from several other depleted arc rock samples from this site produced only Fig. 4 . Immobile multi-element patterns of representative Guatemalan forearc basement and Santa Elena samples; normalized to primitive mantle and C1-chondrite values after Hofmann (1988) and Sun & McDonough (1989) , respectively. Additional Santa Elena data are from Hauff et al. (2000a) . Reference patterns for MORB, Izu^Bonin arc volcanic front and HIMU-OIB are from Hofmann (1988) , Taylor & Nesbitt (1998) and Chaffey et al. (1989) . disturbed age spectra (below 50% of total 39 Ar in the plateau, and therefore not included in Table 3 ) but seem to reflect a similar age of about $100 Ma. Likewise, all matrix samples from the depleted (upper portion) of Hole 567 failed to produce reliable plateaux. Instead, their age spectra seem to indicate a significant disturbance of their 40 Ar/ 39 Ar system. This is demonstrated by samples from both Hole 567A and Hole 494A (Fig. 6) . The age spectrum of sample 84-567A-19CC, which produced a small high-temperature plateau (32%) at $100 Ma and a small low-temperature plateau (42%) at $70 Ma could be interpreted to reflect a mid-Cretaceous crystallization age that was overprinted by a late Cretaceous reheating event. Likewise, sample 67-494A-31CC, 3^4 cm produced a limited high-temperature plateau (41%) at $111Ma and an almost acceptable low-temperature plateau (47%) Step-heating age spectra of depleted and enriched group samples. Plateau steps are shown in dark grey, rejected steps in light grey. Box heights represent 2s error range for each heating step.
JOURNAL OF PETROLOGY VOLUME 49 NUMBER 10 OCTOBER 2008 at $88 Ma. Based on the reliable 112 Ma plateau age of feldspar crystals from depleted sample 67-494A-29CC and the apparent evidence for similar mid-Cretaceous crystallization ages indicated by the disturbed spectra of all other depleted group samples, an average age of $110 Ma is used for the radiometric age correction of radiogenic isotopes for all depleted samples that did not produce a reliable plateau age (Table 2) . To evaluate the effects of possible imprecise age assumptions, an age vector illustrating the impact for over-or under-correction of radioactive decay ages (with steps of 10 Myr) is added to each isotope plot in Fig. 7 (see figure caption for details). If a mid-Cretaceous crystallization age is assumed for all the depleted group samples, the inability of the analyzed matrix samples to preserve this signal confirms known observations that fine-grained crystalline groundmass is more susceptible to disturbance of pristine magmatic 40 Ar/ 39 Ar signatures than coarse-grained phenocrysts, which better preserve the crystallization age of the rock (e.g. Koppers et al., 2000) . Following this interpretation, the relatively young age of 83 AE15 Ma produced by matrix sample 84-567A-20-1, 115^117 cm could result from a complete degassing of radiogenic Ar and thereby record the age of the thermal event (Fig. 5 ). In accordance with this view, the reported similar K/Ar age of 78Á7 AE3Á9 Ma (Bellon et al. 1985 ) from a sample taken just above (567A-19CC) could be interpreted likewise. A thermal event at around 80 Ma is also supported by the age of the metamorphic amphibolites from Hole 569A. Hornblende crystals from sample 84-569A-10-1, 13^22 cm, yield an age of 79Á6 AE1Á1Ma and most probably reflect the closure age of the crystals after their formation during metamorphism. Interestingly, feldspar phenocrysts from the lowermost depleted sample analyzed from Hole 567 (sample 84-567A-25-1, 1^10 cm, #1) preserved a much older age of 182Á0 AE14Á0 Ma, which could serve as an upper age limit for the origin of some of the depleted rocks.
Enriched group samples
From the enriched OIB-like rocks (lower part of Hole 567A, below 430 mbsf) feldspar phenocrysts from seven samples produced acceptable plateau ages ranging from 104 to 219 Ma (Fig. 5) . One additional analyzed matrix sample (84-567A-25-1, 91^96 cm) produced a limited plateau of just below 50% but with an age that fits well into this range (143Á7 AE1Á6 Ma). These new 40 Ar/ 39 Ar Fig. 6 . Two examples of disturbed plateau spectra from depleted group samples (84-567A-19CC and 67-494A-31CC, 3^4 cm) not included in Table 3 . In both cases, insufficient high-temperature plateaux can be interpreted to indicate ages of $100 Ma whereas the limited lowtemperature plateaux could reflect a thermal overprint event at $80 Ma. Plateau steps are shown in dark grey, rejected steps in light grey. Box heights represent 2s error range for each heating step. Hf ¼ 0Á02. Encircled letters within the Gala¤ pagos field indicate average composition of the four proposed geochemical end-members observed for the Gala¤ pagos magma sources: N, Northern domain; S, Southern domain; C, Central domain; E, Eastern domain. Age vectors demonstrating the effects of potential isotopic age over-or under-correction (in 10 Myr increments) are calculated using the parent^daughter ratios of enriched sample 84-567A-27-1, 92^99 cm as an upper limit. Additional Santa Elena data are from Hauff et al. (2000a) . Dashed line encircles the field of Hawaiian lavas (age corrected to 125 Ma) based on 4600 isotope analyses from the georoc database (http://georoc.mpch-mainz.gwdg.de/georoc/) retrieved in January 2008 and presented in the Electronic Appendix (available for downloading at http://www.petrology.oxfordjournals.org). Modern Northern Hemisphere Reference Line (NHRL) after Hart (1984) . step heating ages confirm the ambiguous Cretaceous and Jurassic ages previously determined from the enriched group samples by K/Ar age determinations (Bellon et al., 1985) .
Radiogenic isotopes
Consistent with their trace element differences, the two groups form distinct fields on isotope diagrams (Fig. 7) with the incompatible element depleted group also having depleted isotope ratios (low 206 ¼  0Á283056^0Á283161) . Except for two samples from Hole 567A, the depleted drill samples from all holes and the similar depleted Santa Elena units II^IV form a dense cluster that overlaps the compositional field for Pacific normal (N)-MORB (age corrected to 125 Ma, to reflect the average age of all the analyzed samples) in all isotope diagrams. Two samples (567A-21CC, 23^27 cm and 567A-23-1, 1^4 cm), however, possess more radiogenic Pb isotope ratios but have Nd and Hf isotope ratios similar to other depleted group samples. Because analytical error can be ruled out (duplication of sample 567A-21CC, 23^27 cm reproduced the same enriched Pb isotope values), a posteruptive addition of Pb-enriched material (e.g. by Pb-rich hydrothermal fluids) is assumed. In fact, these samples have been recovered near the transition to the underlying geochemically enriched units (having higher Pb isotope ratios and concentrations), and an exchange of hot, Pb-carrying fluids along this transition zone during tectonic juxtaposition (see discussion below) with the enriched group rocks appears possible.
In contrast, the enriched group samples show a more widespread compositional range with distinctly more enriched signatures (high 206 (Fig. 7) , suggesting mixtures of two source components with the enriched end-member having a HIMU-like isotope composition. The most enriched sample (84-567A-29-2, 144^146 cm) has similar Pb isotope ratios to present-day HIMU typelocality lavas from Tubai and St. Helena. Although no radiometric age is available for this sample, an age of $150 Ma is assumed (see above). A 30 or even 60 Myr younger (or older) age, however, would not result in any significant revision of the HIMU affiliation for this sample as demonstrated by the age/enrichment vector in Fig. 7a and b) . Compared with the isotopic compositions of other CLIP rocks and present-day Gala¤ pagos archipelago lavas, the enriched forearc samples have more radiogenic 206 Thompson et al. 2003 ) and therefore are not separately shown in Fig. 7] .
The immobility of the refractory Lu^Hf system during submarine alteration and strong metamorphism even in the presence of fluids (e.g. Weaver & Tarney, 1981; Thompson et al., 2008) makes Hf isotope ratios particularly suitable for the interpretation of the variably altered samples of this study. Similarly, the Sm^Nd system is generally also considered to be highly resistant to alteration, although in some cases REEs can be redistributed into different secondary phases during low-temperature alteration (Thompson et al., 2008) . In contrast, the Pb isotope compositions of altered or greenschist-facies metamorphed rocks can be susceptible to alteration processes and therefore must be treated with caution. Any increase of U (from seawater) or decrease of Pb (during hydrothermal alteration), or a combination of both, inevitably causes a higher 238 U/ 204 Pb (m) ratio than the initial magmatic value. If this happened shortly after solidification of the lava and the system remained closed for U, Th and Pb to the present, correction for radioactive ingrowth over time will give a reasonably good approximation of the initial Pb isotope ratio. If significant U and/or Pb mobilization occurs more than several million years after rock formation, any age correction using the altered parent/daughter element ratios will result in an over-or under-correction of the data, resulting in less or more radiogenic initial Pb values, respectively. A way to assess the extent of this effect is to check internal trace element correlations for the samples and to compare the magnitude of the applied age correction with the alteration state [expressed as loss on ignition (LOI) value]. Most forearac basement rocks show relatively little deviation from their average U/Th ratio ( ¼3Á3, R 2 ¼ 0Á96). Samples from the depleted group, however, generally tend to have gained post-magmatic U (Fig. 8a) , whereas samples from the enriched group seem to be more vulnerable to U loss (assuming that Th behaves incompatibly during submarine alteration or metamorphism). As shown in Fig. 7a^c , the exceptional radiogenic initial Pb isotope values for at least two samples from the depleted group (23-1, 1^4 cm and 21CC, 23^27 cm) and 2^4 samples from the enriched group (in particular 29-2, 144^146 cm and 25-2, 31^35 cm) of Hole 567A could reflect disturbance of their U^Pb system by post-magmatic alteration. As the two depleted samples show no significant U gain (Fig. 8b) , post-magmatic addition of Pb has to be assumed. On the other hand, these two samples do not have particularly low Nd/Pb ratios (Fig. 8c) , compared with the average of the other depleted group samples (being considerably lower than N-MORB as expected for subduction-related rocks). The relatively similar initial Pb isotope composition of almost all other depleted group samples, despite varying degrees of age correction (and possible U and Pb gain or loss) suggests that the initial Pb isotopic composition of the depleted arc rocks was relatively uniform and that any U^Pb system disturbance occurred shortly after their formation. Therefore, the deviation of depleted samples 23-1, 1^4 cm and 21CC, 23^27 cm towards more radiogenic Pb values as seen in the isotope plots of Fig. 7a^c probably results from latestage disturbance of the Pb system leading to age undercorrection. This is also consistent with them showing some of the highest LOI values but the smallest applied age correction (Fig. 8d) .
Inter-element systematics provide a less clear picture for the two exceptionally radiogenic samples from the enriched group. For the most extreme sample (29-2, 144^146 cm) moderate loss of U is coupled with no significant increase in Pb (compared with other enriched OIB sources); this caused only a minor under-correction (also indicated by the smallest difference in measured and initial 206 Pb/ 204 Pb values among all the enriched samples, Fig. 8d ). Contamination towards extremely radiogenic Pb isotope ratios by the added Pb also seems unlikely, as the melts or fluids from depleted mantle, subducted sediments or seawater would all have significantly lower 206 Pb/ 204 Pb ratios. The other sample (25-2, 31^35 cm) shows only a very small gain in U but a significant loss of Pb (Fig. 8c) , resulting in a strong over-correction and implying that the true initial value of this sample would be even more radiogenic as shown in Fig. 7 .
It can be concluded that some post-magmatic disturbance of the U^Pb system of several of the forearc samples has almost certainly occurred, but that the general picture of a radiogenically depleted and an enriched group is not affected. The Pb isotope systematics of both groups are also consistent with other, generally immobile, isotope systems, such as Hf and Nd (Fig. 7c^f) and their trace element composition (Figs 3 and 4) . The trend towards extreme HIMU-like initial isotope compositions in the enriched group samples is probably not caused by post-magmatic U^Pb disturbance, but seems to reflect the source composition of these magmas. This interpretation is also consistent with almost all the enriched group samples having Nd and Hf isotope ratios identical or very similar to present-day St. Helena or Tubai compositions (Fig. 7c^f) . 
D I S C U S S I O N Stratigraphic correlations
The new age and geochemical data confirm that the igneous forearc basement off Guatemala cannot be considered as a monolithic structure, but is heterogeneous even at a single drill site (e.g. Hole 567A). The mafic (basaltic to gabbroic) rocks can be subdivided into two groups: (1) a geochemically strongly depleted group with subduction-related geochemical signatures that comprises all samples from Site 494 and from the upper part of the basement at Hole 567A (above 430 mbsf); (2) a geochemically enriched group having HIMU-like OIB compositions and found only in the lower basement (below 430 mbsf) at Hole 567A (Fig. 2a) . Because of the geochemical similarity of the depleted rocks from Holes 494A and 567A (Figs 3, 4 and 7) and the close proximity of the two sites, it is safe to assume that both holes penetrate the same (shallow) depleted rock units. These depleted rock units are covered at both sites by late Cretaceous sediments of late Campanian^early Maastrichtian age ($71Ma) (Shipboard Scientific Party, 1982 , consistent with the older mid-Cretaceous 40 Ar/ 39 Ar ages here reported for the underlying basement.
The temporal ambiguity seen in the disturbed age spectra obtained from matrix chip analyses of depleted group samples, and their failure to produce acceptable plateau ages, contrasts with the few available, but 4100 Ma, phenocryst ages. Considering the evidence for a post-magmatic thermal overprint at $80 Ma and the 80 Ma age of the secondary amphibolite analyzed from Hole 569A (sample 84-569-10-1,13^22 cm, #2), we propose a multi-stage scenario for the history of the depleted parts of the Guatemalan forearc basement. The depleted rocks were formed by arc volcanism between the mid-Jurassic and mid-Cretaceous ($180 to $100 Ma). At around 80 Ma, they experienced a pervasive tectonic event, resulting in various stages of metamorphism from zeolite facies observed in most basalts and dolerites to greenschist facies in the gabbros (e.g. Holes 494A, 567A) and locally amphibolite facies (Hole 569A). The age of the amphibolites records the timing of the metamorphic overprint (resetting the thermally susceptible Ar/Ar system of their protolith). The Ar/Ar system in the matrix of less metamorphosed greenschist-facies rocks became severely disturbed (resulting in different high-and low-temperature plateaux); however, their coarse-grained phenocrysts were able to retain their radiogenic Ar and have preserved their initial crystallization ages.
The age range of the enriched group samples generally overlaps with the reported (phenocryst) and assumed (disturbed matrix age spectra) crystallization ages of the depleted rocks, although one sample (e.g. 84-567A-25-2, 88^104 cm, #11) yields a surprisingly old late Triassic age. As the distinct geochemical differences between the depleted arc rock samples and the enriched OIB samples require different mantle processes, the two groups must have been formed in different tectonic settings (geographical areas?) and were subsequently brought together in their present location in the Guatemalan forearc basement.
The transition between the geochemically depleted and geochemically enriched units in Hole 567A is marked by a $30 m thick interval (Cores 22^24) of serpentinitic mud containing pieces of serpentinite breccia and altered mafic rocks from sand size up to several centimeters (Shipboard Scientific Party, 1985) . The first enriched rocks were recovered in Core 25. The uppermost sample in this core (84-567A-25-1, 1^10 cm, #1) still possesses a depleted geochemical signature (Tables 1 and 2 ). Its position in the core (above 15 cm of gabbroic drill breccia at the very top of the core), however, indicates that this small piece of depleted rock could have been derived from the superjacent depleted section of this hole and could have fallen into the open hole (during the exchange of the core barrel) before coring continued with Core 25. The thick serpentinitic mud zone above Core 25 is interpreted as a major shear zone (Shipboard Scientific Party, 1985) , but, because the entire hole shows an unordered sequence of gabbro, dolerite, basalt and serpentinite (all variably deformed, brecciated and metamorphosed), the entire basement has to be considered as highly tectonized. This is supported by the description of multiple shear zones from micrometer to decimeter scale in most recovered rocks (Ogava et al., 1985) , and the lack of any noticeable relationship between drilling depths and radiometric Ar/Ar age of the samples (compare Table 3 ). In fact, the youngest age of all the enriched group samples comes from the deepest sample on which age determination was carried out (84-567A, 27-1, 92^99 cm, #1), whereas the oldest age comes from a sample recovered in the first (uppermost) core penetrating enriched rock units (84-567A, 25-2, 88^104 cm, #11). Because of the relatively undisturbed Cenozoic sedimentary cover (e.g. Aubouin & von Huene, 1985) , this deformation cannot be attributed to the present-day subduction setting, but must have occurred along the landward slope of the trench before the early Eocene (Shipboard Scientific Party, 1985) .
At Santa Elena, the mafic and ultramafic rocks show a similar unordered sequence (e.g. Gazel et al., 2006) comprising single thrust sheets with no primary contacts between lithological or stratigraphically different units (e.g. Hauff et al., 2000a; . Similar to the deformation in the Guatemalan forearc basement, thrusting and tectonization of the Santa Elena units occurred during (or prior to) their accretion between 94 and 71Ma. This is consistent with the 88 AE 4Á5 Ma age of the secondary hornblende from an amphibolitic shear zone on Santa Elena indicating a major thermotectonic event.
Geochemical constraints
The similar complex structural relationships between the tectonic slivers of the different lithologies in the Guatemalan forearc basement and at Santa Elena, the similar isotopic and trace element composition of the depleted arc rocks and their overlapping age lead to the conclusion that the depleted Guatemalan forearc basement and Units II^IV of the Santa Elena complex represent a similar, if not the same, dismembered accretionary arc complex ( Fig. 2a and b) , as previously suggested (e.g. Aze¤ ma et al., 1985a) . The extreme depletion of incompatible trace elements is typical for relatively young, immature island arc lavas and resembles the signature of West Pacific Izu^Bonin island arc tholeiites from the volcanic front (Fig. 4) .
As the primary source of (young) island arc volcanism is the asthenospheric mantle wedge above the subducting slab, its isotopic signature generally overlaps with N-MORB compositions as seen in Fig. 7 . Similar ophiolitic bodies containing mixed volcanic (MORB and arc chemistry), gabbroic and serpentinized ultramafic rocks also occur in the Izu^Bonin^Mariana, Tonga and other forearc trench slopes (e.g. Bloomer & Hawkins, 1983; Bloomer & Fisher, 1987) . Similar deformation patterns (sheared serpentinite breccias, cataclastic gabbro breccias, repeated successions of volcanic, gabbroic and highly serpentinized ultramafic lithologies) as seen in the Guatemalan and Costa Rican (Santa Elena) forearcs have been documented; for example, at Hahajima seamount, cropping out in the Izu^Bonin forearc (Ishiwatari et al., 2006) . In the Izu^Bonin system, early stages of forearc volcanism are characterized by Mg-and Si-rich boninitic andesites resulting from primary melts of refractory (harzburgitic) mantle caused by volatile addition above a subducting slab; these are interpreted as marking the initiation of subduction at a given site (e.g. Dobson et al., 2006) . In contrast to the Izu^Bonin forearc, boninitic rocks cannot be identified among the depleted arc samples of this study. Although the lack of high silica contents (boninites have 57^69 wt % SiO 2 ) in the recovered depleted group samples (SiO 2 ¼ 46^57 wt %, if normalized on a volatilefree base) could be a result of alteration, their Ti/Zr ratios (both extremely immobile) are higher (97^656) than those characteristic of boninites (23^63; Le Maitre et al., 2002).
The geochemically enriched group possesses an OIBlike trace element and isotopic signature, and can be interpreted as remnants of intraplate volcanism (e.g. seamounts and ocean islands). In contrast to CLIP samples, which have isotope ratios that plot within the extensive agecorrected Gala¤ pagos field, drilled Guatemalan forearc rocks do not consistently fall within the Gala¤ pagos isotopic fields but trend toward the HIMU mantle end-member. Therefore, it is unlikely that the enriched OIB-type Guatemalan forearc (and enriched Tortugal and Santa Elena Unit I) rocks are related to the CLIP or were derived from the Gala¤ pagos plume, unless the plume had more radiogenic Pb (a more HIMU-type composition) in the early Mesozoic (see below). Alternatively, derivation from more concentrated enriched Gala¤ pagos plume material (higher proportion of today's enriched end-member composition in the magma source) also appears to be unlikely if the present geochemical systematics of the Gala¤ pagos plume heterogeneity are compared with the drilled forearc basement samples. The Gala¤ pagos plume is isotopically heterogeneous (e.g. White et al., 1993; Blichert Toft & White, 2001; Harpp & White, 2001 ) and four endmembers are called upon to account for the Sr, Nd, Pb, Hf and He isotopic variations observed across the island group: Northern, Southern, Central, and Eastern domain components (Hoernle et al., 2000) . This heterogeneity can be traced back at least 20 Myr (Hoernle et al., 2000) and possibly even further to the early stages of CLIP volcanism (Geldmacher et al., 2003; Thompson et al., 2003) . The average compositions of these domains in the various isotopic spaces are shown in Fig. 7 (encircled letters) . As shown in the figure, the enriched Guatemalan forearc group samples form trends that extend from different enriched domains or end-members in each plot. In Fig. 7a the trend appears to originate from the Central or Eastern end-member, in Fig. 7b and c the enriched group lies on a continuation of the Southern domain end-member, whereas in Fig. 7c and d, f the enriched group extends the Northern domain end-member composition. This contrasting style of isotopic enrichment precludes any affiliation of the enriched forearc basement samples with the Cenozoic Gala¤ pagos plume.
Despite their similar age range and Pb isotope composition, the distinctly lower Hf and Nd isotope ratios of enriched OIB rocks of the Costa Rican forearc (Santa Elenas Unit I) compared with the Guatemalan forearc samples would point to distinct magma sources. On the other hand, if the enriched OIB rocks at both locations originate from accretion of a former Pacific hotspot track, the geochemistry of this track could have been spatially heterogeneous (e.g. with a southern portion having lower Hf and Nd isotope ratios) similar to the spatial heterogeneity observed in the Gala¤ pagos and Hawaiian hotspot chains.
Although speculative, one could consider that the geochemically enriched Guatemalan forearc rocks, Santa Elena Unit I and alkaline Tortugal lavas were all produced by an earlier stage of the Gala¤ pagos hotspot, which was isotopically more enriched in 206 Pb/ 204 Pb and 176 Hf/ 177 Hf but heterogeneous in Nd compared with its post-100 Ma composition. To accrete seamounts or terranes that originated at the present site of the Gala¤ pagos hotspot to the Chortis Block (which was even further northward before its translation) a strongly northward-directed Farallon plate motion has to be assumed for the Mesozoic, which seems unlikely. On the other hand, the hotspot itself could have been located further to the north in the Mesozoic, consistent with palaeomagnetic evidence, radiometric age dating and numerical models showing that other Pacific hotspots (e.g. Hawaii, Louisville) moved southward during the Cenozoic (e.g. Tarduno et al., 2003; Koppers et al., 2004; Steinberger et al., 2004) .
Alternatively, the enriched OIB material accreted in the Guatemalan forearc and Santa Elena did not originate from the Gala¤ pagos plume at all but stems from a different hotspot that was located on the Farallon plate prior to 100 Ma. The only long-lived hotspot of similar latitude to the palaeo-position of the Chortis Block is Hawaii. Although reconstructions of Pacific plates and plate boundaries are difficult and ambiguous for times prior to the end of the Cretaceous superchron (118^83 Ma), the spreading center between the West Pacific and the Farallon plates could have been near (compare Steinberger & Gaina, 2007) or even to the west of the Hawaiian hotspot before $100 Ma, resulting in an eastward transportation of any erupted material from the Hawaiian hotspot with the eastward-moving Farallon plate. This idea is consistent with none of the analyzed age data for the enriched group forearc samples being younger than 100 Ma, which would require an odd coincidence for an unknown Farallon hotspot to become extinct right at the time when the Hawaiian hotspot crossed the spreading center. The counter argument would be that the isotopic compositions of the Hawaiian islands and their Emperor Seamount hotspot track generally have far less radiogenic Pb than the enriched Guatemalan and Costa Rican (Santa Elena) forearc samples (Fig. 7) . As speculated for the Gala¤ pagos hotspot, however (see above), changes in isotopic composition over time spans of 4100 Myr cannot be ruled out for long-lived mantle plumes such as the Hawaii plume (which might have had HIMU-type isotopic composition in the past). Figure 9 shows a simplified geotectonic model for the generation of the Guatemalan forearc. In general, the convergent margins bordering the Farallon plate evolved from overall extensional to compressional strain regimes through the Mesozoic and early Cenozoic as typical for arc systems facing large ocean basins. This transition is characterized by progressive inboard migration of the arc axis, collision of island arcs with continental terranes and increased coupling between the subducting and overriding plates (Busby, 2004) . Since at least Mid-Jurassic times, arc volcanism was active in front of the North and Central American continental blocks above the Pacific^Farallon plate subduction zone (Fig. 9a) . This is recorded in the subduction-related igneous rocks and associated sedimentary units of the Guerrero terrane (Tardy et al., 1994) , the Guatemalan forearc basement (Bellon et al., 1985 ; this study), Santa Elena (e.g. Hauff et al., 2000a; Gazel et al., 2006) and the Siuna terrane (Flores et al., 2007; Rogers et al., 2007) . It is unclear if this volcanism formed a more offshore arc with associated back-arc basins (e.g. Servais et al., 1986) . However, the recovery of some samples with similar trace-element patterns to oceanic crust (e.g. forearc sample 84-567A-20-1, 115^117 cm or Santa Elena samples SE 27 and SE 6; Hauff et al., 2000a) , the large quantities of depleted serpentinized harzburgite, the pelagic Upper Cretaceous limestone cover above the forearc basement at Site 567, the lack of any seismic or geochemical evidence for continental crust below the Guatemalan forearc basement and the absence of a geochemical trend towards upper crustal 'EM II'-like isotope compositions in the depleted group samples support this model and point towards formation of arc volcanism in an oceanic setting. Occasionally islands or seamounts of a hotspot track (existing to the east of the Pacific^Farallon ridge between $100 and !220 Ma and formed by intraplate volcanism with a strong HIMU signature) collided with the arc and fragments from them were accreted. No geochemically enriched OIB-like rocks have been reported from the Siuna terrane in the south (e.g. Flores et al., 2007) or from the Guerrero terrane in the north (Tardy et al., 1994) so far, supporting the idea of a relatively narrow hotspot track responsible for the accretion of the enriched group samples in the forearc basement of Guatemala and at Santa Elena.
Geodynamic reconstruction
Field evidence also requires the existence of a collision zone to the east of the Guerrero and Chortis terranes (Fig. 9a) recorded by the relicts of arc-magmatism, highpressure^low-temperature metamorphism of MORB ophiolites, and supra-subduction mantle units all located along the Motagua^Polo¤ chic suture zone (Beccaluva et al.,1995; Giunta et al., 2002; Harlow et al., 2004) . This subduction zone can be interpreted either as the continuation of the ancestral Greater Antilles arc (e.g. Burke et al., 1968; Tardy et al., 1994; Meschede & Frisch, 1998) or as shortlived regional subduction after cessation of rifting along a southward extension of the Arperos Basin (Pindel & Kennan, 2001) or along a failed northwestward rift arm of the proto-Caribbean spreading center (Fig. 9a) . Subduction along this margin, however, ceased after collision of the Chortis Block with the North American continent in the mid-Cretaceous (Harlow et al., 2004; J. Geldmacher et al., unpublished data) . This collision preludes the transition to a more compressive stress regime in the whole region during the Cretaceous mainly caused by the progressively decreasing age of the incoming Farallon lithosphere (decreasing distance to the PacificF arallon spreading center) and the cessation of the proto-Caribbean spreading (leading to the beginning of convergence between the two Americas). Any comprehensive geodynamic reconstruction of the Caribbean region for the late Cretaceous is hampered by the competing models about the origin of the Caribbean oceanic plateau. According to many paleotectonic reconstruction models, this vast plateau was formed on the Farallon plate in the mid-Cretaceous (e.g. Duncan & Hargraves, 1984; Pindell & Barrett, 1990; Hauff et al., 2000a; Pindell et al., 2006) with its peak magmatic activity occurring at around 90 Ma (Hoernle & Hauff, 2007) . The plateau (moving eastwards with Farallon plate drift) then collided with the Proto Greater Antilles island arc during the Campanian (84^71Ma) and choked off the subduction zone. We propose that this collision led to the accretion (and deformation) of island arc complexes onto . Schematic illustration of a geodynamic model for the temporal evolution of the Caribbean region from early Cretaceous to Cenozoic times. Modified from Meschede & Frisch (1998) and Hoernle & Hauff (2007) . Guer, Guerrero Block; Chor, Chortis Block; Cay. T., Cayman Trough; NA, North American plate; SA, South American plate. Also marked are arc sections that are to become the accreted forearc basement (F), Motagua^Polo¤ chic complex (M) and Siuna terrane (S).
the western and southern edges of the continental Chortis Block (Fig. 9b) , forming the present-day forearc basement in front of Guatemala^El Salvador^Nicaragua and the Siuna terrane in southern Nicaragua. This is consistent with the timing of the secondary thermal overprint recorded in many forearc samples, the age of amphibolite metamorphism and the onset of Late CampanianM aastrichtian sedimentation at the drill sites.
In the Greater Antilles, the collision caused the reversal of arc polarity, resulting in SW-dipping subduction that allowed the insertion of the Caribbean Plateau (Chorotega Block) between the merging Americas by trench rollback (e.g. Duncan & Hargraves, 1984; Pindell & Barrett, 1990; Hauff et al., 2000a; Hoernle et al., 2002) . The collision and insertion of the CLIP transferred the eastward-directed Farallon plate motion to the Chortis Block (Fig. 9c) , leading to reactivation of the MotaguaP olo¤ chic suture zone (the rheologically weakest part of the Chortis Block) as a sinistral strike-slip fault (e.g. Donnelly et al., 1990; Beccaluva et al., 1995) . The resulting eastward translation of the Chortis Block (including the accreted forearc basement) subsequently triggered the opening of the CaymanTrough in the Eocene (Leroy et al., 2000) (Fig 9d) after parts of the Antilles arc collided with the Bahaman platform and continuing northeastward migration of the arc was prevented . The timing of the Chortis Block movement is also documented by the systematic decrease of cooling ages of subduction-related plutons in southern Mexico (from 80 to 11Ma) interpreted to reflect the progressive uplift of the newly formed active continental margin in response to the development of the SE-progressive trench along Mexico's Pacific coast (Guerrero-Garcia & Herrero-Bervera, in preparation) ( Fig. 9c and d) .
At the southwestern edge of the Chortis Block the accretionary assemblage was partly thrust faulted over the northern rim of the Caribbean plateau (Chorotega Block), resulting in further tectonic dismembering as demonstrated by the large-scale south-directed nappe emplacement at Santa Elena. Any determination of the exact boundary between the Chortis and Chorotega blocks therefore remains ambiguous.
The increasingly compressional regime might explain subsequent uplift of the shelf edge (thereby forming the forearc basin controlling the deposition of the Cenozoic sediments) and further tectonic disruption of accreted arc rocks, OIB and sediment units that form the present-day forearc basement. Alternatively, uplift of the shelf edge and further disruption of the forearc basement was caused by crustal thickening beneath the margin slope by underplating of imbricated oceanic crustal segments detached from the subducting plate until the Eocene (von Huene, 1989) . It is possible that these segments represent the latest arriving seamounts and islands from the postulated mid-Pacific hotspot track (having drifted on the incoming plate for several tens of million years).
Starting from at least the Neogene, the subduction style below the forearc wedge changed from accretionary to erosional (possibly as a result of faster convergence rates and arrival of younger oceanic crust; leading to long-term margin subsidence, thinning of the upper plate and landward migration of the trench axis and the volcanic chain (Vannuchi et al., 2004; Berhorst, 2006) . It is therefore assumed that large parts of the lower forearc basement have been removed and recycled into the mantle.
C O N C L U S I O N S
The forearc basement rocks recovered during DSDP Legs 67 and 84 represent a highly tectonized me¤ lange that underlies the broad shelf zone stretching from southern Mexico to the Chortis^Chorotega boundary, where it is subaerially exposed and forms the Santa Elena Peninsula. The depleted volcanic and gabbroic rocks have primitive arc signatures and are interpreted to have formed between !180 and $100 Ma during the development of arc magmatism in front of the western margin of the Chortis Block. The geochemically enriched OIB-like rock units are interpreted as seamounts or islands that have been obducted onto the arc, and originated from a hotspot located in the central Pacific, which was active between !219 and $100 Ma. We can only speculate on whether these units reflect the earlier history of the Hawaiian hotspot when the spreading center was located to the west of it. Based on their isotopic composition, however, there is no evidence for any affiliation of these rock units with the CLIP or the Gala¤ pagos hotspot. Therefore, the occurrence of these geochemically enriched volcanic rocks in the Central American forearc basement neither supports nor rejects any Pacific or intra-Caribbean model for the origin of the CLIP. Tectonization^shearing, amphibolite metamorphism and the timing of the secondary thermal overprint of the forearc basement rocks are proposed to originate from the collision of the Chortis Block with the North American Maya Block in the east and the incoming Caribbean plateau in the south at $80 Ma, leading to compression, imbrication and accretion of the arc onto the seaward margins of the Chortis Block.
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